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Abstract,

Microwave Limb Sounder observations of mid-stratospheric ozone during strato-
spheric warmings show tongues of high ozone drawn up from low latitudes into the
developing anticyclone. Several days later, an isolated region of low ozone mixing ratios
appears, centered in the anticyclone, and extending in the vertical from =15to 5 hPa, with
higher mixing ratios both above and below. These anomalous mixing ratios during north-
ern hemisphere warmings are comparable to values well inside the vortex, and are typi-
caly =3 ppmv lower than normal mid-latitude extra-vortex mixing ratios. This type of
feature is seen whenever the anticyclone is strong and persistent, including during rela-
tively strong minor warmings in the southern hemisphere. Three-dimensional back tra-
jectory calculations indicate that the air in the region of the ozone anomalies originates at
higher altitudes and low latitudes, where ozone mixing ratios are much higher. The air
parcels studied here are typically confined together for 1 to 3 weeks before the lowest
ozone mixing ratios are observed. The tragjectory calculations and comparisons with pas-
sive tracer data confirm that the observed ozone anomalies in the mid-stratosphere could

not result solely from transport processes.
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Introduction

The Microwave Limb Sounder (MLS) instrument on the Upper Atmosphere
Research Satellite (UARS) bass been measuring ozone throughout the stratosphere since
September 1991, through three northern hemisphere (NH) and three southern hemisphere
(SH) winters [Froidevaux et al. 1994]. This provides a multi-year dataset of three-
dimensional ozone fields, including measurements during many dynamically active peri-

ods in both hemispheres,

Strong stratospheric warmings are common throughout the NH winter [e.g.,
Andrews et a. 1987], and weaker warmings are common in early and late winter in the
SH [e.g. Farrara et al. 1992, Manney et a, 1993]. During these events, the polar vortex is
typically shifted off the pole and tongues of low latitude air are seen to be drawn into the
polar regions from low latitudes [e.g., Manney et a. 1993, Manney €t a, 1994a] in the
mid-stratosphere. Planetary scale waves are generally strongest in the middle and upper
stratosphere [Manney et al. 1991, Fishbein et al. 1993], so the distortion and displace-

ment of the vortex is greatest there,

Examination of mid-stratospheric ML S ozone data during a number of stratospheric
warmings reveals that while tongues of ozone rich air are drawn into the anticyclone from
low latitudes during stratospheric warmings, this is followed by the formation of an iso-
lated region of very low ozone in the anticyclone. \We show here observed meteorological
and ozone fields for several examples of this phenomenon. In addition, we use passive
tracer data from MLS and the Cryogen Limb Array Etalon Spectrometer (CLAES) on
UARS, and calculations of air parcel trgjectories to explore the origins of the air in these

low ozone regions,
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Data and Analysis

The ozone data are from the ML S 205 GHz radiometer; they have horizontal resolu-
tion of =400 km and intrinsic vertical resolution of =4 km, The UARS MLS instrument
Is described by Barath et a. [1993], the measurement technique by Waters [1993], and
retrieval methods by Froidevaux et al. [1994]. Precision (rms) of individual ozone mea-
surements for the altitudes examined here are ~0.3 ppmv, with absolute accuracies of

=5--15% [Froidevaux et al. 1994].

Passive tracer data include H,0 from MLS and N,O and CH,from CLAES. The
CLAES instrument is described by Roche et al. [1993]. An earlier version of the CLAES
N,0 and CH, datais described by Kumer et al. [1993]. The data are still in the validar
tion process; this process has verified that the data used here (v0007) are suitable for
studies of morphology and regional variation. Typical precision and systematic error esti-
mates for N,O in the mid-stratosphere are (10 ppbv rms, 20%), and for CH 4 &€ (50
ppbv, 20%). The MLS H,0 data are described by Lahoz et al. [ 1994]. Single profile pre-
cision and accuracy estimates for H,0 are (0.3 ppmv, 15%) at 4.6 hPa[Lahoz et al.
1994]. Comparison of these passive tracer data with potential vorticity (PV) indicates
that N,O show the strongest correlation with PV during the time periods used here; we

therefore focus more closely on N,0 than on the other tracers.

Both CLAES and ML S data have been mapped to a4° latitude by 5° longitude grid,
consistent with the general meridional resolution of both instruments. CLAES data are
gridded by linearly interpolating data for a 24 h period to a regular latitude-longitude
grid; ascending and descending orbit tracks are treated separately and then averaged.
MLS data are gridded using Fourier transform techniques that separate time and longi-
tude variations [Elson and Froidevaux 1993]. All data are interpolated to isentropic (8)
surfaces using United Kingdom Meteorological Office(UKMO) temperatures.
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The trgjectory code used here is described by Manney et a. [1994b]; it uses a stan-
dard fourth-order Runge-Kutta scheme. Winds and temperatures are interpolated linearly
in time from once daily values to the trgjectory time step (1/2 hour). Heating rates are
recalculated every 3 hours using interpolated temperatures, and are interpolated linearly
to the tragjectory time step between calculations. Horizontal winds are from the UKMO
data assimilation system [Swinbank and O’Neill 1994] and vertical velocities from a
recent version of the middle atmosphere radiation code MIDRAD, an earlier version of
which is described by Shine [1987]. Temperatures in the radiation code are from the
UKMO data; MLS ozoneis used in the heating rate calculation, except for the December
1993 case, when ML S 0zone measurements are not continuously available. Manney et al.

[1994b] discuss the impact of using climatological versus ML S ozone.

The temperatures shown here are from the UKMO data, and Rossby-Ertel potential
vorticity (PV) calculated from the UKMO data [Manney and Zurek 1993] is also used.

MLS ozone data are available from September 1991 to the present. MLS H,0 and
CLAES data are available through the 1992/1993 NH winter. Because of the UARS
orbit, the data coverage switches from =34°S to 80°N to ~80°S to 34°N approximate] y
every 36 days. The examples examined here occur during late February and early March
1993, December 1992 and December 1993 in the NH, and in the 1993 and 1994 SH win-

ters,

Observed Characteristics

Figure 1 shows maps of 840 K ozone, with  wo PV contours overlaid, for three time
periods in the NH winter. Stratospheric warmings during February and March 1993 were
described by Manney et a. [1994a]; early winter warmings during December 1992 are
described by Rosier et a. [1994] and during December 1993 by Manney €t al.[1994c].

The PV contours shown on the ozone maps are in the region of strong gradients
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coincident with the jet core, and thus approximately identify the edge of the polar vortex.
In each of these time periods, tongues of relatively high ozone from low latitudes are
drawn up around the polar vortex and into the region of the anticyclone which intensifies
during stratospheric warmings (23 Feb 1993, 12 Dec 1992, 28 Nov 1993). In the suc-
ceeding days, however, an isolated region of low ozone forms in the anticyclone, with
0zone mixing ratios comparabl e to those well within the polar vortex (7 Mar 1993, 24
Dec 1992, 18 Dec 1993). Thisregion of low o0zone may persist for some time, for exam-
ple, the low ozone seen in the anticyclone on 7 Mar 1993 persists for over a week after

that date, and mixing ratios become even lower.

Figure 2 displays the 840 K temperatures on the two daysin Dec 1992, showing the
typical relationship between the region of maximum temperatures and that of low ozone.
In each of these events, the maximum temperatures are seen near the time when tongues
of high ozone are being drawn up around the vortex, The region of lower ozone forms to
the eastward and equatorward side (downstream) of the region of highest temperatures,

several days after the temperature maximum.

Figure 3 shows the vertical structure of the pockets of low ozone, Profiles taken
along the orbit tracks (i.e., prior to the gridding) are shown in the region of the low ozone
anomaly on aday when it iswell developed. The green profilesin Figs. 3b and ¢ and the
red profile in Fig. 3a are near the edge of the region, The pressure levels |abeled are the
levels at which ML S data are currently retrieved, In general, the anomaly appears as a
bite out of the ozone profile in the altitude region of the mixing ratio peak, most promi-
nent at the 10 hPa and 4.6 hParetrieval levels. Ozone mixing ratios outside the vortex at
these latitudes are typically near 8 ppmv [e.g., Froidevaux et a. 1994] even when higher
ozone is not drawn up from low latitudes, so these anomalies represent a decrease in
ozone that is in some cases over 3 ppmv. Similar features are also apparent in the

CLAES ozone data during periods when they are available.
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840 K N,0 maps for the February/March 1993 period [Manney €t al. 1994a] show
atongue of high N,O drawn into the anticyclone from low latitudes, and high N, O per-
sisting in the anticyclone through the period. Similar N,O maps for the December 1992
period (not shown) again show high N,0 being drawn in from 10W latitudes, and Persist
ing in the anticyclone. 840 K maps of MLS H,O for Dec 1992 [Manney et al. 1994c]
and Feb/Mar 1993 (not shown) show a tongue of low H,O drawn in from low | atitudes
persisting in theanticyclone during the time when low ozone appears. ‘1" he behavior of
these passive tracers suggests that low ozone in the anticyclone may not be expected to
result from transport processes alone. However, this postul ate requires further study since
the different vertical and horizontal gradients of each of these trace species means that
three-dimensional transport processes will affect each differently. In the next section, we
examinein more detail the three-dimensional motion of air in the region of these anoma-

lies.
Diagnosis of Air Motion

To examine the origin of the air with low 0zone mixing ratios in the anticyclone, we
have initialized a number of parcels (between 3200 and 3840 per level in each case) on
severd isentropic surfaces in the mid-stratosphere, in the region of low ozone, and run 22
day back trgjectory calculations (back to near the beginning of the period when MLS
began looking north). Figure 4 shows the initial positions of parcels started at 840 K, and
their positions 20 days earlier for each of the 3 events. The parcels are color coded by the
observed ozone at their positions on the plotted day. In each case, the trgjectory calcula-
tion suggests that most or all of the parcels originated at lower latitudes in a region of
much higher ozone than in the anomaly. In the December 1993 case, it can be seen that,
as long as 20 days before the calculation was initialized, most of the parcels are grouped

together in afairly localized area. This event was the most persistent of those shown
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here, but, in fact, examination of the other cases 10 days before the initialization (not
shown) shows most of the parcels grouped together in a small region. Thus, the air in
which the anomalies form appears to have been confined together for aweek or morein

each case. Very similar evolution is seen for parcels started at 740 K and 960 K.

Figure 5 shows the calculated potential temperatures of the parcels 20 days before
the initialization. The tragjectory calculation indicates that the parcels originated 60-140
K higher in potential temperature at that time, and thus experienced diabatic descent from
=3 -7 K/d. The strongest diabatic descent rates during stratospheric warmings are in the
region between the vortex and the anticyclone, coincident with the region of highest tem-
peratures [e.g. Manney et a 1994a)]. In moving up from low latitudes, and in circulating
around the anticyclone, the parcelsin the region of the ozone anomaly are among those

that experience the strongest diabatic descent [Manney et al. 1994b].

Figure 6 summarizes the behavior of ozone at the parcel positions for the length of
the back trajectory calculations, The average, minimum, and maximum observed ozone
mixing ratios at the parcel positions are plotted as a function of time. The slopes for the
averages shown in Fig. 6, calculated using a least squares fit over the 22 days, are given in
Table 1. Ozone in each case decreases at an average rate of = 1.5--2.0%/day for the
ensemble of parcels, Asanindication of the reliability of the three-dimensional trgjec-
tory calculation, the same calculation has been done for the Feb/Mar 1993 and December
1992 cases using MLS H,0, CLAES N,0, and CLAES CH,. Figure 7 shows the results
for N,0, and the least squaresfits for each of the tracers are given in Table 1. The N,O
values for Feb/Mar 1993 show little trend (Fig. 7a), with the uncertainty being about half
the magnitude of the slope; the slopes for the other passive tracers are also relatively
small during this period. Thisisin contrast to the ozone (Fig. 6a), which shows a steady
decreasing trend of =2%/d. The slopes for the tracers in December 1992 are again much
smaller than those for ozone. The N,O vaues for December 1992 show a greater trend

than was apparent for Feb/Mar 1993 when averaged over the 22 day period. However,




-9.

most of the change occurs around 14-16 December (Fig. 7b); when the periods before
and after this are fitted separately, the slopes for N,O are only =0.3%/d, while those for
ozone remain near 1.5%/d. 14-16 December is approximate] y the time before which the
parcels split into two general groups (see Fig, 4d), and this may indicate a greater uncer-

tainty in the trgjectory calculations for days before=14 December.

The passive tracer calculations suggest that the trajectory code can fairly accurately
reproduce the air motion. The behavior of the tracersisin contrast to the steady, consis-
tent downward trend in ozone at the parcel positions in each case. In Feb/Mar 1993, the
average ozone mixing ratio closely paralels the maximum; the low minimum values
result from afew (on the order of 10 out of 3200) parcels that end up away from the oth-
ers, as seen in Fig. 4b. In each case, the average value on the earliest day is greater than

the maximum value on the initialization day.

Figure 8 shows the average of the ozone profiles at the horizontal postions of the
parcels (the ozone profile is interpolated to each parcel’ s latitude and longitude, and then
the values at each level are averaged) as a function of potential temperature on each day
of the trgjectory calculations. The average potential temperature of the ensemble of
parcels that started at 840 K is aso indicated. At the end of the back trgjectory calcula-
tion, mixing ratios as low at those at the initial (latest day) parcel potential temperature
are seen only several hundred Kelvin above or below the parcel potential temperature.
This indicates that the calculated potential temperature would have to be in error by sev-
eral hundred Kelvin in order to obtain the observed mixing ratio by vertical transport, if
the average calculated horizontal motion is accurate. An error of this magnitude is not
expected in the radiation calculation for the mid-stratosphere, and if present would also
have been reflected in passive tracers trends, since each of the tracers examined has a

strong vertical gradient,

The results in this section indicate that the observed pockets of low ozone in the

mid-stratospheric anticyclone could not result from transport processes aone.
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Discussion

Three examples are shown of the formation of an isolated region of low ozone mix-
ing ratios in the NH anticyclone during strong stratospheric warmings. These examples
are typical of the ozone behavior in the mid-stratosphere when a stronganticyclone devel-
ops. In addition to the examples given here, a similar pocket of low ozone forms in the
anticyclone during every strong NH warming observed by MLS. Since SH warmings are
generally much weaker than in the NH, and any SH anticyclone that formsisusualy a
very transient feature, examples of this type of behavior are less apparent in the SH.
However, Figure 9 shows 840 K SH ozone on 22 Aug 1993, and on 30 May 1994, each a
few days after the peak of a SH warming, when an anticyclone had formed. Thereis a
suggestion of aregion of low ozone in the anticyclone on 22 Aug 1993, and a distinct
region of low ozone in the anticyclone on 30 May 1994. Vertical profilesin these regions
(Fig. 10) show abite out of the profiles similar to, but smaller than, those seen in the NH.
30 May 1994 is only afew days after ML S began observing the SH, so no back trajecto-
ries were computed for this case. Figure 11 shows observed ozone at parcel positions on
22 Aug 1993 (theinitial day) and 13 days earlier (the first day ML S was looking south),
While not as dramatic as the NH examples, the calculation does show the parcels origi-
nating from low latitude regions of higher ozone, and average ozone at the parcel posi-
tions decreases at =1%/d over the period. An analysis smilar to that shown in Fig. 8
suggests that the calculated vertical position of the parcels would have to be in error by
=100 K in potential temperature over the 14 days in order to produce the observed ozone
on 22 Aug solely by transport processes. Thus, the same phenomenon described for the
NH does in fact occur in the SH when the anticyclone becomes sufficiently strong and

persistent.

Although the anomalously low ozone in the anticyclone has not been previously

studied in detail, the phenomenon is apparent in mid-stratospheric Limb Infrared Monitor
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of the Stratosphere (LIMS) data shown by Leovy et a, [1985]. Figure 12 Shows 840 K
LIMS ozone on 23 January 1979, during a strong warming. A low ozone anomaly simi-
lar to those studied here is apparent in the anticyclone. This bite out of the LIMS ozone
profiles extends vertically from =20 to 7 hPa. It appears that this feature may not be as
intense as some of those seen in MLS observations, but the separation of over a decade
between the two datasets, and the limited length of thel.IMS dataset render such compar-

isons speculative.

Rood et al. [1993] noted an anomaly in LTMS nitric acid (HNO,) in late January
1979, with high HNO,4 values, comparable to those in the polar vortex, in a isolated
region in the anticyclone. This feature was seen over a vertica range from =30 to 5 hPa.
The ozone anomaly shown in Fig. 12 is nearly coincident in the horizontal with the
HNO,anomaly reported by Rood et al. [1993], but is apparent only between =20 and 7
hPa. The HNO,anomaly is dightly downstream of the ozone anomaly. Examination of
CLAES HNO, data during Feb/Mar 1993 and December 1992 indicates that at those
times thereis also aregion of high HNO,just downstream of the region of low ozone.
High HNO,in the anticyclone was also observed by the Improved Stratospheric and
Mesospheric Sounder (ISAMS) during the January 1992 nearly major stratospheric
warming, when MLS aso observed a pocket of low ozone [J. Remedies, paper in prepa-
ration]. Rood et al. [1993] were unable to reproduce the HNO,anomaly observed in
LIMS data using athree-dimensional chemical-transport model, and concluded on that
basis that there must either be serious flaws in the data, or deficienciesin the chemical
model, Recent independent data suggest that this phenomenon is in fact a real atmo-
spheric feature, and that it is related to the low 0zone anomalies described here. Work is
now in progress by several groups with the goa of reproducing these phenomena in

chemical models.
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Conclusions

MLS observations of the evolution of mid-stratospheric ozone during stratospheric
warmings have been examined during the past three winters in each hemisphere, During
warmings, tongues of high ozone are drawn up from low latitudes into the developing
anticyclone. Several days later, an isolated region of low 0zone mixing ratios appears,
centered in the anticyclone, and prominent at MLS retrieval levels of 10 and 4.6 hPa.
Ozone mixing ratios in this region during NH warmings are comparable to values well
inside the vortex, and are typically =3 ppmv lower than typical mid-latitude extra-vortex
mixing ratios. Thistype of feature appears whenever the anticyclone is strong and persis-

tent, including during relatively strong minor warmings in the SH.

Three-dimensional trgjectory calculations shown here indicate that the air in the
region where the low ozone anomalies form originates at higher altitudes and low lati-
tudes, where ozone mixing ratios are much higher than those in the anomaly. The air
parcels studied here are typically confined together for 1 to 3 weeks before the lowest
0zone mixing ratios are observed. Comparison with passive tracer data shows that the
trgectory calculation used here can fairly accurately reproduce observed air motions.
This, and the extremely large magnitude of the errors that would be implied in the trajec-
tory calculation to get observed ozone values by transport, confirms that the observed

ozone anomalies in the mid-stratosphere could not result solely from transport processes.
Several modeling investigations are underway aimed at understanding the chemical
processes involved in the formation of these anomalies. The following summarizes the
features that must be explained by combined chemical and dynamical models:
0 Low ozone appears in the anticyclone several days after the peak of a stratospheric
warming,
. The ozone anomaly extends from =15 to 5 hPa in the vertical, with higher ozone

above and below.
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. The region of low ozone is downstream (eastward and equatorward) of the region

of maximum temperature.

. The air in which the anomaly forms originates at low latitudes and higher altitudes,

in regions of much higher ozone.

. This air remains localized together for 1 to 3 weeks prior to the appearance of

minimum ozone mixing ratios.

.Anomaliesin HNO, [Rood et al. 1993] and possibly other species [J, Remedies,

paper in preparation] are observed concurrently.
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Table 1. Time rates of change of average ozone, N,O, CH,, and H,0 at positions of

parcels started at 840 K, calculated using a linear least square fit over the 22 day back

trgectory calculation. Approximate change in percent per day is given in parentheses

with each value.

AO,/At AN, O/At ACH,/At AH,O/At
Time Period

(ppmv/day) (ppbv/day) (ppmv/day) (ppmv/day)

-0.15240.006 | -0.44+0.22) | -0.010£0.003 | -0.310.004
Feb/Mar 1993

(-2.3%/d) (-0.4%1/d) (-0.8%/d) (-0.6%/d)

-0.086+0.003 | 0.51+0.10 | -0.006+0.002 | -0.310.002
Dec 1992

(-1.5%/d) (0.6%/d) (-0.5%/d) (-0.6%/d)

-0.088 + 0.002
Dec 1993

(-1.5%/d)
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Figure Captions

Figure 1. Synoptic maps of ozone mixing ratios (ppmv) with overlaid PV contours at 840
K, inthe NH, on (@) 23 Feb 1993, (b) 7 Mar 1993, (c) 12 Dec 1992, (d) 24 Dec
1992, (e) 28 Nov 1993 and (f) 18 Dec 1993. Overlaid PV contours at 840 K are 3.0
and 50 x 10°K m’ k'& g, Projection is orthographic, with 0° longitude at the
bottom of the plot, and 30 and 60° latitude circles shown as thin dashed lines.

Figure 2. Synoptic maps of UKMO temperatures at 840 K in the NH on (a) 12 Dec 1992
and (b) 24 Dec 1992. Layout isasin Fig, 1.

Figure 3. Individual MLS ozone profiles on (a) 8 Mar 1993, (b) 24 Dec 1992 and (c) 16
Dec 1993, in the region of the ozone anomaly,

Figure 4. Initial horizontal positions of parcels started at 840 K on (a) 7 Mar 1993, (c)24
Dec 1992 and (e) 18 Dec 1993, and the positions of those parcels 20 days previously
(b, d, and f). Parcels are color coded by the observed ozone value at their position
on the plotted day. Projection is orthographic, with 0° longitude at the bottom of the
plot, and 30 and 60° latitude circles shown as thin dashed lines,

Figure 5. Asis Fig. 4, for 20 days prior to initialization only, and with parcels color
coded by their potential temperature.

Figure 6, Average (circles), minimum (triangles) and maximum (sguares) ozone mixing
ratio (ppmv) at parcel positions on each day of the back trgjectory calculation, for
(a) Feb/Mar 1993, (b) Dec 1992 and (c) Dec 1993. (a) and (b) are averaged over
3200 parcels, (c) over 3840 parcels,

Figure 7. Asin Figure 6, but for N,0 mixing ratio (ppbv), and for (a) Feb/Mar 1993 and
(b) Dec 1992 only.

Figure 8. Average ozone (ppmv) profile at horizontal positions of parcelsinitialized at

840 K. Ozone is interpolated to each parcd’s latitude and longitude at each level
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and then the profiles are averaged. For (a) Feb/Mar 1993, (b) Dec 1992 and (¢) Dec
1993.

Figure 9. Asin Fig. 1, but for the SH on (a) 22 Aug 1993 and (b) 30 May 1994, and with

0° longitude at the top of the plots. PV contours are -3.0 and -5.0x 10-4 K m’kg-|

-1
s .

Figure 10. Asin Fig. 3, but for (a) 22 Aug 1993 and (b) 30 May 1994 in the SH.

Figure 11. Asin Fig. 4, but for a back trajectory run started 22 Aug 1993 in the SH, on
theinitial day and 13 days previously. 0° longitude is at the top of the plots.

Figure 12. Asin Fig. 1, but for 23 Jan 1979, from LIMS data,
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